Major shifts in many ecosystem-level properties of tropical forests have been observed, but the processes driving these changes are poorly understood. The forest on Barro Colorado Island exhibited a 20% decrease in the number of trees and a 10% increase in average diameter. Using a metabolism-based zero-sum framework, we show that increases in per capita resource use at BCI, caused by increased tree size and increased temperature, compensated for the observed declines in abundance. This trade-off between abundance and average resource use resulted in no net change in the rate resources are fluxed by the forest. Observed changes in the forest are not consistent with other hypotheses, including changes in overall resource availability and existing self-thinning models. The framework successfully predicts interrelated changes in size, abundance, and temperature, indicating its utility for understanding changes in the structure and dynamics of ecosystems.
Introduction
The assumption that the abundance, distribution, and diversity of species are due primarily to resource limitation is a cornerstone of ecological and evolutionary theory (Van Valen 1973; Hubbell 2001; Brown et al. 2004) . Fundamental to this assumption is the idea that the rate of supply of usable energy or material to an ecosystem limits the carrying capacity, which can be defined as the total resource use or metabolism of the biota. At steady state, when the total rate of resource use by organisms equals the rate of limiting resource supply, an ecosystem is subject to a zero-sum metabolic constraint; any increase in resource use by some organisms must be balanced by decreases in resource use by other organisms (Van Valen 1973; Charnov 1993; Ernest & Brown 2001; Hubbell 2001) . Such zero-sum dynamics impose simple rules on ecosystem-level properties (Enquist et al. 1998; Ernest & Brown 2001; Hubbell 2001; Enquist et al. 2003; White et al. 2004 , Ernest et al. 2008 . For example, changes in the overall rate of resource supply will be reflected in changes in the overall rate of resource use The rate of energy and material use by an individual organism is related to its whole-organism metabolic rate ( and the total rate of resource use of an ecological guild, community, or ecosystem will be related to the sum of the resource use of the component individuals (Enquist et al. 1998; Ernest & Brown 2001; Enquist et al. 2003; White et al. 2004) , so, 
and changes in the size distribution of individuals (White et al. 2007) should result in specific, quantifiable, changes in abundance. 12
, 2) Self-thinning -as a forest recovers from disturbance, large numbers of young, small trees grow larger creating packing constraints, which lead to increased mortality and decreases in tree abundance.
Different models for self-thinning suggest a variety of relationships between N and diameter (D), with the extremes represented by the 3/2 and the 4/3 thinning models (Enquist et al. 1998 , Pretzsch 2006 For studying temperature trends at the site, we calculated an average temperature for each year of the study. Data were averaged by calculating monthly averages of hourly temperatures (day and night) and then averaging the monthly averages within each year.
This reduces the impact of the timing of missing data on the averages.
Estimating Metabolic Rates -To estimate metabolic rate for each tree, we used a previously published relationship (West et al. 1999; Gillooly et al. 2002; Allen et al. 2005 ) that incorporates both the size of the individual and the temperature: all species can be characterized by this same relationship. Eqn 3 was used to estimate the metabolic rate for an individual tree, which was then used to calculate both estimated mean individual metabolic rate (i.e., averaged across individuals) and estimated total stand metabolic flux (i.e., summed over all individuals). When λ=2, our model is an extension of resource-based self-thinning rules (e.g., Enquist et al. 1998 ). Because temperature varies at multiple timescales, the effect of temperature on metabolic rate is more complicated than simply inserting an average temperature into the temperature term for the metabolic equation. Therefore, temperature terms were calculated for each hourly data point, which were then used to calculate monthly averages of the temperature term. An average temperature term was determined for each census period by averaging 5-year blocks of monthly terms consisting of the 4 years prior to each census and the year in which the census began. As a result, the exact form of the relationship we are testing is:
,where < > denotes that the average of the temperature term is taken across time, not across individuals as is the case
Finally, it should be noted that we have no measure of the scaling constant required to calibrate the metabolic rate for these trees. While the constant would allow us to comment on absolute metabolic flux of the forest, the proportional values are sufficient to evaluate the above hypotheses. Finally, we quantified the compensatory dynamics among size classes by calculating total metabolic flux for eight equal-width logarithmic bins to assess whether decreases in flux for small size classes due to decreasing numbers of small trees were matched by increases in flux for large size classes due to increasing numbers of large trees. order to test the sensitivity of our analysis to our specific choice of exponent and activation energy we varied these exponents and refit the exponent of the abundancemetabolic rate tradeoff (eq. 2) to determine if this caused it to deviate from the predicted value of -1. Light availability: Photosynthetically available radiation (PAR) has been measured at BCI since 1990 at the Lutz tower using a LI-COR 190SB (for more details see: http://striweb.si.edu/esp/meta_data/details_bci_sun.htm). Daily Total PAR values (measured in Einsteins/m 2 ) were summed for each year to obtain yearly total PAR. 21
The sensitivity analyses indicate that our results are robust to reasonable variation in the form of the temperature and body size dependence of metabolic rate (Fig 4A) . The range of reasonable activation energy values includes those estimated in recent work purporting that the activation energy will be shallower than expected due to acclimation (Enquist et al. 2007 ). The range of diameter exponents includes those equivalent to the growth rate allometries recently estimated for BCI (Muller-Landau et al. 2006 ) and therefore our results are robust to potential differences in scaling exponents due to sizebiased light competition. We also examined whether our results were sensitive to the spatial scale of our analysis. By dividing the 50 ha plot into smaller and smaller subplots (see Supplemental Methods), we determined whether the observed relationship between abundance and average individual metabolic rate changed as the spatial scale of analysis decreased. We found that behavior predicted by a metabolic zero-sum dynamics was observed until the size of a subplot equaled approximately 6 ha ( Fig 4B) . Below this size, slopes were significantly shallower than expected. This same type of pattern has been observed in estimates of biomass (Keller et al. 2001; Chave et al. 2003 ) and biomass accumulation (Feeley et al. 2007 ) and was interpreted in those studies as indicating that below 6 ha the idiosyncrasies of gap-phase dynamics dominate and the signal of forestlevel dynamics is weaker.
Our results are also consistent with previous studies documenting that the numbers of trees with small diameters decreased dramatically, while the numbers of large trees increased only modestly (Condit et al. 1996; Condit et al. 1999) . Because sizerelated differences in metabolic rate means not all trees will contribute equally to resource use, small changes in the abundance of larger size classes have a much greater influence on total metabolic flux than much larger changes in abundance in smaller size classes (Fig 5) . Our results also indicate that increases in per capita metabolic rate due to temperature played an important role in maintaining the metabolic zero-sum dynamic.
Without this temperature effect, the small increase in the number of larger trees was not sufficient to balance the losses in the small size classes (Fig 5) . This supports the necessity of our extension of previous self-thinning models (e.g., Enquist et al. 1998) for understanding the observed dynamics of this system. Because we only have four data points suitable for our analyses, some caution should be used in interpreting our results. Obviously, further tests of a metabolic zerosum dynamic involving longer time-series and/or experimental tests are needed.
However, because we are still able to clearly distinguish among models we feel that our conclusions are reasonably robust and warrant further investigation of this concept in forests. Furthermore, the importance of tropical forests to conservation and global carbon budgets makes it necessary to make use of existing, though sometimes limited, timeseries (Condit et al. 1996; Condit 1998a; Laurance et al. 2004; Losos & Leigh 2004;  framework successfully describes the observed behavior of the system in response to changes in average tree size. The processes driving this shift in size-structure are not yet well understood. One reasonable possibility is that simply that natural growth of individual trees has been compensated for by increased mortality in the smaller size classes. Alternatively, some studies have implicated climate change as the driver of declines in small trees (Condit et al. 1996) , while others have suggested that succession, in response the anthropogenic activities, may be occurring in this forest (Sheil & Burslem 2003) . While self-thinning based successional mechanisms are insufficient for describing the overall dynamics of the forest (Table 1) , succession may still be responsible for the increase in average individual size. The success of the metabolic zero-sum framework suggests that in order to predict future dynamics of abundance (and biomass; see Supplementary Information) of tropical trees it will be necessary to understand the processes that affect the individual size distribution. Finally, our results highlight the importance of incorporating the effects of temperature on the rates of biological processes (Enquist et al. 2003; Allen et al. 2005) , because both size and temperature played important roles in the dynamics of this forest. Further testing will be necessary to assess the general utility of a zero-sum approach for understanding the long-term dynamics of ecosystems. Previous work has shown that the long-term dynamics of a desert rodent community also exhibit metabolic zero-sum dynamics, with maintenance of relatively constant rates of resource use due to a similar tradeoff between metabolic rate and abundance of small and large individuals (White et al. 2004 , Ernest et al. 2008 . That the long-term dynamics of tropical forests and desert rodents can be explained using this relatively simple framework suggests that it may apply more generally across habitat types and taxonomic groups. The extent of generality likely depends on how often the two key assumptions -that overall resource supply does not change directionally over time and that organisms tend to use a constant fraction of available resources -are met in different ecosystems. Obviously, the zero-sum does not apply when resources are not limiting, such as immediately following major disturbance events. The fact that it appears to apply to both tropical trees and desert rodents suggests that the long-term rates of limiting resource supply that impose the zero sum may be more constant than the environmental variables that cause temporal variation in body size and species composition. The utility of the zero-sum framework arises in large part from the fact that it synthesizes important components from two influential and general theories in ecology: the zero-sum constraint from the unified neutral theory of biodiversity (Hubbell 2001) and differences between individuals and species in resource use from the metabolic theory of ecology (Brown et al. 2004) . The resulting simple mathematical framework not only combines the role of community and ecosystem-level constraints and the importance of differences among individuals and species in their rates of resource use, but is easily applied to both plants and animals and is equally relevant to tropical and desert systems. Precipitation did not exhibit any directional changes (r 2 = 0.0006; p = 0.93). PET data was only available starting in 1994 making it difficult to determine the trend over the period of the study, but it appears that during the second half of the study PET was increasing, resulting in an overall increase from 1994-2005 (r 
